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for	 viral	 screening	 in	 noninvasive	 samples	 of	 wolves	 and	 dogs	 has	 profound	















affect	wolf	 population	 dynamics.	 Canine	 distemper	was	 suggested	 to	
cause	 high	 pup	 mortality	 (60%–90%)	 and	 periodic	 wolf	 population	
declines	in	the	Greater	Yellowstone	area	(Almberg,	Cross,	Dobson,	Smith,	
&	Hudson,	2012;	Almberg,	Cross,	&	Smith,	2010;	Almberg,	Mech,	Smith,	









Next	 generation	 sequencing	 (NGS)	 revolutionized	 the	 way	 we	
study	 ecosystems,	 as	 it	 offers	 a	 broad,	 noninvasive	 tool	 to	 detect	
nucleic	 acids	 from	 different	 types	 of	 pathogens,	 depending	 on	 the	
sample	type	and	preparation	method	used.	In	the	virology	field,	viral	






approach	 is	 particularly	 suited	 to	 study	 the	 occurrence	 of	 known	
and	unknown	viruses	 in	wildlife	populations,	 coupled	with	noninva-
sive	 sampling	methods.	Furthermore,	 this	 is	particularly	 relevant	 for	
free-	ranging	wolves	from	which	is	exceedingly	difficult	to	obtain	fresh	 
biological	samples,	due	to	their	elusive	nature.
Wolves	 in	 the	 Iberian	 Peninsula	 (Canis lupus signatus)	 occur	 in	
a	heterogeneous	and	anthropogenically	modified	landscape,	coping	




Portugal,	wolf	 populations	 suffered	 a	 drastic	 decline	 in	 range	 and	




ically	modified	 landscape	at	 the	very	edge	of	 the	 species	distribu-
tion	 (Pimenta	et	al.,	2005).	Currently,	 this	population	 faces	several	
threats	such	as	depleted	genetic	diversity,	low	prey	availability,	hab-
itat	 fragmentation,	 and	geographic	 isolation	 from	 the	main	 Iberian	
wolf	 range	 (Grilo,	Moço,	 Cândido,	Alexandre,	 &	 Petrucci-	Fonseca,	
2002;	 Hindrikson	 et	al.,	 2016;	 Pimenta	 et	al.,	 2005).	 Moreover,	
the	 few	 packs	 comprising	 this	 population	 show	 low	 reproduction	
rates,	 possibly	 due	 to	 human	 disturbance	 in	 breeding	 sites,	 inten-
sive	 human	 persecution,	 and	 other	 factors,	 such	 as	 food	 scarcity	
and	 diseases	 prone	 to	 induce	 pup	 mortality	 (Hindrikson	 et	al.,	




are	 highly	 dependent	 on	 human-	related	 food	 resources,	with	 live-
stock	 comprising	 over	 90%	of	 their	 diet	 (Torres	&	 Fonseca,	 2016;	
Vos,	2000).	Anthropogenic	food	sources	including	extensively	bred	
livestock	 (cattle,	 sheep,	 and	 goat)	 or	 scavenging	 on	 carcasses	 of	
intensively	farmed	animals	(horses,	pigs,	rabbits,	and	poultry;	Roque,	
Palmegiani,	Petrucci-	Fonseca,	&	Álvares,	2012)	might	increase	con-
tacts	with	 domestic	 dogs	 and	 potential	 for	 disease	 spill-	over.	This	
human-	dominated	 environment,	 together	with	 demographic	 isola-
tion	 and	 limited	genetic	 diversity,	make	 the	occurrence	of	disease	




and	 dogs,	 by	 characterizing	 the	 fecal	 virome	 of	 diarrheic	 dogs	 and	
wolves	 from	 the	 south	 of	 Douro	 region	 using	 viral	 metagenomics.	
Furthermore,	we	carried	out	a	PCR	screening	for	bocavirus	and	canine	
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corresponding	 to	36	genetically	 identified	 individual	wolves	 (Roque	
et	al.,	2013).
2  | MATERIALS AND METHODS
2.1 | Sample collection and preparation for viral 
metagenomics
To	 investigate	 putative	 disease	 causing	 agents,	 diarrheic	 stools	
attributed	to	free-	ranging	wolves	(n	=	8),	feral	dogs	(n	=	4),	and	pet	
dogs	 (n	=	6)	were	 collected	 from	 the	 Portuguese	 South	 of	Douro	
wolf	 population	 in	 the	 districts	 of	 Viseu	 and	 Guarda,	 Portugal	 in	
2011	 (Figures	1	 and	 S1).	 Fecal	 wolf-	like	 samples	 were	 collected	
along	 transects	 in	 areas	 of	 known	 occurrence	 of	 wolf	 packs	 and	
analyzed	for	species	 identification	by	amplification	of	a	mitochon-




“feral”	 for	 dog	 samples	 collected	 on	 the	 field	 within	 wolf	 range,	
while	“pet”	refers	to	samples	of	urban	dogs	collected	in	veterinary	
clinics.	Diarrheic	stools	were	defined	as	nonformed,	watery	feces,	




Fecal	 samples	 were	 pooled	 per	 group:	 two	 wolf	 pools	 of	 four	
samples	each,	one	 feral	dog	pool	of	 four	 samples,	 and	 two	pet	dog	
pools	of	three	samples	each.	Pools	were	prepared	using	the	NetoVIR	
protocol	(Conceição-	Neto,	Zeller,	Lefrère,	et	al.,	2015).	Fecal	material	
was	weighed	 (≈100	mg)	 and	 diluted	with	 PBS	 to	 attain	 10%	 (m/v)	
suspensions.	 Briefly,	 ten	 percent	 fecal	 suspensions	 were	 homoge-
nized	 for	 1	min	 at	 3000	rpm	 with	 a	 MINILYS	 homogenizer	 (Bertin	
Technologies),	 briefly	 centrifuged	 at	 17000	g	 per	 3	min	 and	 filtered	
through	0.8	μm	filter	 (Sartorious).	The	filtrate	was	 then	treated	with	




(Qiagen)	 according	 to	 the	 manufacturer’s	 instructions	 but	 without	
addition	of	carrier	RNA	to	the	lysis	buffer.	First	and	second	strand	syn-
thesis	 and	 random	PCR	amplification	 for	17	 cycles	were	performed	
using	a	slightly	modified	Whole	Transcriptome	Amplification	2	(WTA2)	
Kit	 procedure	 (Sigma-	Aldrich),	 with	 a	 denaturation	 temperature	 of	
95°C	 instead	 of	 72°C	 to	 allow	 for	 the	 denaturation	 of	 dsDNA	 and	








2.2 | Genomic and phylogenetic analysis
Raw	 Illumina	 reads	 were	 trimmed	 for	 quality	 and	 adapters	 using	





(ORF)	 were	 identified	 with	 ORF	 Finder	 analysis.	 Amino	 acid	 align-
ments	of	the	viral	sequences	were	performed	with	MUSCLE	(Edgar,	
2004).	Maximum	 likelihood	 phylogenetic	 trees	were	 constructed	 in	
MEGA6.0	(Tamura,	Stecher,	Peterson,	Filipski,	&	Kumar,	2013),	where	
the	 best	 model	 of	 substitution	 was	 calculated,	 with	 500	 bootstrap	
replicates.
2.3 | Screening of lupine bocavirus and canine 
distemper virus in wolf pack feces
We	 screened	 93	 fecal	 samples	 collected	 between	 February	 2009	
and	 July	 2012,	 corresponding	 to	 36	 individually	 identified	 wolves	
belonging	 to	 six	 packs	 in	 South	 of	 Douro	 (Roque	 et	al.,	 2013),	 for	
















the	 initial	 reverse	 transcription	 was	 omitted.	 Three	 PCR	 replicates	
were	performed	 to	decrease	 the	number	of	negative	 results	due	 to	
the	 low	 quantity	DNA	 and	RNA	 in	 samples.	 All	 (RT-	)PCR	 reactions	
were	performed	using	the	OneStep	RT-	PCR	kit	(Qiagen)	in	a	Biometra	
T3000	 thermocycler	 (Biometra).	The	positive	 samples	were	purified	




3.1 | Fecal virome of sympatric wolves and domestic 
dogs using NGS
After	 quality	 trimming	 and	 removal	 of	 bacterial	 reads,	 a	 total	 of	
18,767,912	reads	from	the	five	pools	were	assembled	into	contigs	and	
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classified	using	DIAMOND	(Buchfink	et	al.,	2015).	In	total,	2,868,974	
sequences	(15%)	were	classified	as	viral,	of	which	the	majority	could	
be	 attributed	 to	 bacteriophage	 sequences	 (54%).	 In	 fact,	 members	
of	 the	 order	 Caudovirales and Microviridae	 family	 were	 detected	
in	 all	 samples	 (Table	1).	 Furthermore,	 sequences	 from	 the	 follow-
ing	 families	 of	 viruses	 that	 infect	 eukaryotes	were	 detected	 in	 the	
wolf	 pools:	Parvoviridae,	Picornaviridae,	Circoviridae,	Mycodnaviridae,	
Picobirnaviridae, and Paramyxoviridae	 (Table	1).	 In	 the	 feral	 dog	
pool,	 sequences	 from	 the	 Nodaviridae, Mimiviridae, Totiviridae, and 
Parvoviridae	 were	 detected.	 In	 the	 pet	 dog	 pools,	 Parvoviridae,	
Mycodnaviridae, and Virgaviridae	sequences	were	detected	(Table	1).
3.2 | Identification of canine distemper virus in wolf 
samples using NGS

















3.3 | Identification of two bocaviruses in wolf and 
dog using NGS
The	 Parvoviridae	 is	 a	 ssDNA	 viral	 family	 that	 can	 be	 divided	 into	
two	 subfamilies:	 the	 Parvovirinae	 which	 infect	 vertebrates	 and	 the	
Densovirinae	infecting	arthropods.	The	Parvovirinae	subfamily	encloses	
the	 genus	 Bocaparvovirus	 (Cotmore	 et	al.,	 2014).	 Bocaviruses	 have	
been	identified	in	a	wide	range	of	hosts	so	far,	such	as	humans,	dogs,	
gorillas,	cats,	sea	lions,	and	pigs	(Zhou,	Sun,	&	Wang,	2014).
We	 identified	 a	 near	 complete	 canine	 minute	 virus	 (CnMV)	
genome	in	one	pool	of	diarrheic	pet	dogs	(Figure	2a).	Formerly	known	
as	canine	parvovirus	type	1,	this	virus	was	renamed	and	assigned	to	





Viral family Feral dog pool Wolf pool 1 Wolf pool 2 Pet dog pool 1 Pet dog pool 2
Number	of	reads	
blasted
4,003,381 3,272,882 2,874,956 4,501,170 4,115,523
Number	of	viral	reads 939,118 911,359 417,65 350,114 250,733
Bacteriophage	reads Caudovirales and 
Microviridae
580,772 606,791 136,777 5464 208,79
Densovirusa Parvoviridae 6876 206,174
Parvovirusa Parvoviridae 7279 28
Dependoparvovirus Parvoviridae 3990




Totivirus Totiviridae 1051 431
Circularviruses Circoviridae 1,013,048 28757
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Canine bocavirus 3 isolate UCD 
Bat bocavirus isolate YNJH 
California sea lion bocavirus 1 isolate 1136 
California sea lion bocavirus 2 isolate 9822 
California sea lion bocavirus 3 isolate 9805
Canine bocavirus isolate 13D095 
Canine bocavirus isolate 13D226-1
Canine minute virus isolate SH1 
Canine minute virus isolate South Douro
Canine minute virus isolate GA 3 
Canine minute virus strain: 97-047
Feline bocavirus 2 isolate POR1 
Feline bocavirus isolate FBD1
Feline bocavirus strain HK797F 
Feline bocavirus strain HK875F 
Bat bocavirus isolate XM30 
Bat bocavirus isolate WM40 
Porcine bocavirus H18 
Porcine bocavirus isolate KU14 
Lupine bocavirus isolate South Douro
Porcine bocavirus A6
Porcine bocavirus 1 pig/ZJD/China/2006 
Bat parvovirus isolate BtRf-BoV-1/LN2012 
Human bocavirus 3 strain CU2139UK 
Human bocavirus 4 NI strain HBoV4-NI-385 
Human bocavirus 2c PK isolate PK-5510 
Human bocavirus isolate st1 
Bocavirus gorilla/GBoV1/2009 
Porcine bocavirus 3/64-1/N.Ireland/2004 
Porcine bocavirus 3 strain SH20F 
Porcine bocavirus 3 strain HN2 
Porcine bocavirus 3C isolate pig/ZJD/China/2006 
Porcine bocavirus 4-1 strain SH17N-1 


































Lupine feces-associated gemycircularivus 1
Lupine feces-associated gemycircularivus 2
Gemycircularvirus 6 
Mongoose feces-associated gemycircularvirus d 
Sclerotinia sclerotiorum hypovirulence associated virus 1 
Cassava associated cicular DNA virus 
Dragonfly-associated circular virus 2 
Hypericum japonicum associated circular DNA virus 
Mongoose feces-associated gemycircularvirus a 
HCBI8.215 virus 




Canine feces-associated gemycircularvirus 1
Dragonfly-associated circular virus 1 
Meles meles fecal virus
Gemycircularvirus 10 
Mongoose feces-associated gemycircularvirus b 
Mongoose feces-associated gemycircularvirus c 
Gemycircularvirus C1c 
Mosquito VEM virus 
Gemycircularvirus 7 





















Mythimna loreyi densovirus 
Diatraea saccharalis densovirus 
Helicoverpa armigera densovirus 
Culex pipiens densovirus 
Lupine feces-associated densovirus 1
Periplaneta fuliginosa densovirus 
Planococcus citri densovirus 
Acheta domestica densovirus 
Cherax quadricarinatus densovirus 
Blattella germanica densovirus 
Helicoverpa armigera densovirus 
Dendrolimus punctatus densovirus 
Bombyx mori densovirus 1
Sibine fusca densovirus 
Casphalia extranea densovirus 
Lupine feces-associated densovirus 2
Fenneropenaeus chinensis hepatopancreatic densovirus 
Penaeus chinensis hepandensovirus 
Penaeus monodon hepandensovirus 2 
Penaeus merguiensis hepandensovirus 
Penaeus monodon hepandensovirus 1 
Penaeus monodon hepandensovirus 4 
Penaeus stylirostris penstyldensovirus 2 
Penaeus monodon penstyldensovirus 2 
Penaeus monodon penstyldensovirus 1 
Infectious hypodermal and hematopoietic necrosis virus
Aedes albopictus densovirus 2 
Haemagogus equinus densovirus 
Anopheles gambiae densonucleosis virus 









































































Tiger grouper Nervous Necrosis Virus 
Epinephelus tauvina nervous necrosis virus 
Redspotted grouper nervous necrosis virus 
Dicentrarchus labrax betanodavirus 
Atlantic cod betanodavirus 
Barfin flounder nervous necrosis virus
Tiger puffer nervous necrosis virus 
Striped Jack nervous necrosis virus 





Black beetle virus 


























from	 a	 fecal	 wolf	 pool	 (Figure	2b),	 representing	 the	 first	 bocavirus	
isolated	from	a	wolf.	We	named	it	Lupine	bocavirus	isolate	South	of	
Douro	(5,228	nt).	Analysis	of	the	structural	coat	protein	of	this	lupine	




3.4 | Identification of densoviruses in wolf 
using NGS
We	 could	 detect	 another	 two	 viruses	 from	 the	 Parvoviridae	 fam-
ily	 in	 wolves.	 This	 family	 can	 be	 subdivided	 into	 two	 subfamilies:	
Parvovirinae and Densovirinae.	Members	of	 the	first	subfamily	 infect	
vertebrates,	whereas	from	the	latter	one	infect	arthropods,	and	these	
ssDNA	 viruses	 encode	 for	 nonstructural	 and	 structural	 genes	 in	 a	
mono-	 or	 ambisense	 genome	 (Cotmore	 et	al.,	 2014).	 Interestingly,	
206,174	reads	in	a	wolf	were	attributed	to	a	densovirus:	Lupine	feces-	
associated	densovirus	strain	Viseu	1	 (2D).	 In	addition,	 in	a	different	
wolf	 sample,	 another	 densovirus	 could	 be	 identified.	 Phylogenetic	








3.5 | Identification of undescribed divergent 
gemycircularviruses in dog and wolf samples 
using NGS
Recently	a	novel	 family	Mycodnaviridae	 and	genus	Gemycircularvirus 
were	proposed	 for	 a	group	of	 ssDNA	circular	 viruses,	of	which	 the	
first	was	originally	 isolated	from	fungi	 (Yu	et	al.,	2010).	Followed	by	





(van	 den	 Brand	 et	al.,	 2012;	 Conceição-	Neto,	 Zeller,	 Heylen,	 et	al.,	
2015),	human	feces	and	sewage	(Phan	et	al.,	2015),	and	human	blood	
samples	 (Uch	 et	al.,	 2015;	 Zhang	 et	al.,	 2016).	We	 identified	 three	







3.6 | Identification of caninovirus, an 
undescribed nodavirus in a feral dog using NGS
The	 Nodaviridae	 family	 is	 divided	 into	 two	 distinct	 genera:	 the	
Alphanodavirus and Betanodavirus.	 These	 viruses	 are	 of	 segmented	













3.7 | PCR screening for canine distemper virus and 
lupine bocavirus in wolf pack feces
Based	on	our	findings	using	NGS,	a	further	assessment	on	the	preva-









For	 CDV,	 the	 nine	 positive	 samples	 belong	 to	 eight	 different	
wolves	genetically	identified,	as	the	same	individual	was	positive	twice	







lupine	bocavirus	 (Table	2).	These	34	positive	 samples	correspond	 to	
13	different	wolves,	and	since	the	same	animals	were	sampled	along	
4	years	(2009–2012),	the	same	single	wolf	harbored	the	virus	in	dif-
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overview	of	the	bocavirus	and	CDV	positives	per	year	is	represented	
































this	 study	and	are	 typically	 found	 in	CDV	strains	 identified	 in	dogs,	
suggesting	 the	 occurrence	 of	 cross-	species	 transmission	 events.	 In	
other	wildlife	species,	different	amino	acids	have	been	found	at	these	
sites,	 suggesting	 a	 functional	 role	 of	 residue	 549	 in	 host	 switches	
(McCarthy,	 Shaw,	 &	 Goodman,	 2007;	 von	 Messling	 et	al.,	 2005;	





















































































































































































































































18–50	 individuals;	 (Pimenta	 et	al.,	 2005)	 is	 probably	 not	 capable	 of	
maintaining	CDV,	requiring	spill	over	from	sympatric	host	species	such	
as	 dogs	 or	 other	 carnivores,	 as	 previously	 reported	 to	 occur	 (Müller	
et	al.,	2011).	To	further	support	this	fact,	the	wolves	sampled	for	this	
study	show	very	reduced	movements	between	packs,	being	the	Arada	
pack	 the	 one	 reported	 to	 be	 the	most	 isolated	 (Roque	 et	al.,	 2013).	











is	 the	 first	 bocavirus	 isolated	 from	a	wolf	 sample,	 and	phylogenetic	
analysis	 of	 the	 sequence	 showed	 that	 the	wolf	 bocavirus	 identified	
formed	 a	 cluster	 distinct	 from	 other	 known	 canine	 bocaviruses.	 To	
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also	has	been	 associated	with	mortality	of	 puppies	 and	elderly	 dogs	
(Decaro	et	al.,	2012;	Jarplid,	Johansson,	&	Carmichael,	1996;	Ohshima,	
Kawakami,	 Abe,	 &	 Mochizuki,	 2010).	 Serological	 studies	 indicate	
that	CnMV	 is	 rather	widespread	 in	domestic	dogs	 (Jang	et	al.,	 2003;	
Mochizuki	et	al.,	2002).	We	identified	a	complete	genome	of	a	CnMV	in	
a	pet	dog	diarrheic	fecal	sample.	Due	to	the	high	percentage	of	CnMV	




Moreover,	 we	 identified	 viruses	 that	 are	 likely	 associated	with	












This	 study	 provides	 a	 better	 understanding	 on	 the	viral	 popula-
tions	in	the	gut	of	canids,	as	well	as	the	cocirculation	of	various	known	












In	 this	 study,	 we	 aimed	 to	 study	 viruses	 using	 an	 estab-
lished	 technique	 (Conceição-	Neto,	 Zeller,	 Heylen,	 et	al.,	 2015;	
Conceição-	Neto,	 Zeller,	 et	al.	 2016),	which	 has	 been	 assessed	 for	
its	 reproducibility	 and	performance.	Using	 this	 approach,	we	have	
focused	 on	 viral	 populations	 in	 the	 gut	 of	 canids,	 not	 taking	 into	
account	bacteria	or	other	members	of	the	gut	microbiota.	Efficient	
viral	 enrichment	 techniques	 combined	 with	 next-	generation	
sequencing	allow	researchers	to	investigate	the	existence	of	intes-
tinal	viral	disease	complexes,	by	not	only	focusing	on	the	classical	
viral	 pathogens,	 but	 rather	 targeting	 unknown	or	 putative	 emerg-
ing	viruses.	Moreover,	sampling	in	this	study	relied	on	scat	surveys	
genetically	 validated	which	 are	 the	most	 commonly	 used	method	
to	 monitor	 elusive	 carnivores	 at	 low	 densities	 and	 thus	 prone	 to	
provide	 a	 reasonable	 and	 reliable	 source	 of	 noninvasive	 samples	
for	disease	surveillance.	These	new	approaches	will	change	the	way	
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